Escherichia coli PpiB is a peptidyl-prolyl cis/trans isomerase (PPIase, EC: 5.2.1.8) with chaperone activity. Here, we show that the DppiB deletion strain and the PpiB over-expression wild-type strain are both characterized by defects in cell division involving milder or severe cell filamentation, respectively. Using various PpiB mutants, we show that the PPIase activity of PpiB is necessary for the observed cell filamentation, whereas other structural features apart from the active site are also important for this phenotype. Early divisome components zipA and ftsZ showed decreased expression in DppiB cells, whereas the corresponding proteins partially suppressed the division phenotype of DppiB cells as well. Although PpiB itself has no obvious specific affinity for the septal ring as a GFP translational fusion showed a diffuse cytoplasmic localization, it interacts with FtsZ employing the C-terminal FtsZ domain, decreases its GTPase activity and when over-expressed shows an inhibitory effect on the proper FtsZ localization at future division sites. Furthermore, additional putative PpiB prey proteins are able to partially restore the DppiB phenotype indicating that PpiB is able to control bacterial cell division by probably modulating the function of various other proteins which are indirectly associated with the process.
Introduction
Bacterial cell division is mediated by a multiprotein machine that assembles into a ring at the site of cell division and can be separated into distinct phases (de Boer 2010; Lutkenhaus et al. 2012) . Initially, the cytoplasmic tubulin-like protein FtsZ polymerizes into the Z-ring below the cytoplasmic membrane, at the cell division site, with the aid of membrane tethering proteins (Pichoff & Lutkenhaus 2002) , and spatial and temporal control ensures its proper assembly between the segregated chromosomes (Lutkenhaus 2007) . Once formed, the Z-ring recruits the other division proteins several of which mediate its association with the membrane and its persistence throughout cell division (Adams & Errington 2009 ). In the next step, usually occurring after a considerable lag phase, the Z-ring recruits the remaining cell division proteins (Aarsman et al. 2005) , including many essential and nonessential proteins with partially overlapping functions (de Boer 2010) . Finally, the synthesis of septal peptidoglycan is activated and tightly controlled (Gerding et al. 2009) , so that the cell wall degrading enzymes can timely separate the daughter cells (Uehara & Bernhardt 2011; Tsang & Bernhardt 2015; Xiao & Goley 2016) .
FtsZ is a protein with GTPase activity found in most eubacteria and Archaea (L€ owe & Amos 1998). Polymerization depends on the association of the GTPbound N-terminal domain with the C-terminal domain of adjacent FtsZ molecules to create the complete GTPase active site (Oliva et al. 2004) . GTP hydrolysis causes the disassembly of FtsZ filaments (Bramhill & Thompson 1994; Mukherjee & Lutkenhaus 1994) resulting in a dynamic in vivo turnover between the Z-ring and the cytoplasmic FtsZ pool on a timescale of seconds (Stricker et al. 2002; Anderson et al. 2004) . Division site positioning has been generally believed to be controlled under normal growth conditions by a variety of FtsZ interacting regulatory elements, including Min-system proteins, SlmA, Div proteins, MipZ and under stress conditions by proteins such as SulA (Wu & Errington 2011; Rowlett & Margolin 2015) , whereas, recently, the chromosomal terminus organization protein MatP has been identified as a new positional marker at midcell (Bailey et al. 2014) . Positive regulators that locate to the midcell division site and promote Z-ring formation there have also been identified in bacterial species that lack NO and/ or Min systems, like the SsgA-SsgB pair, PomZ and LocZ/MapZ (Willemse et al. 2011; Treuner-Lange et al. 2013; Fleurie et al. 2014) . Biological processes on the molecular level normally involve conformational transitions occasionally regulated by transient protein-protein interactions. The prolyl isomerization is important for both de novo folding of nascent polypeptide chains and the regulation of activities of mature proteins (Edlich & Fischer 2006) . The slow rate of cis/trans isomerization of the peptidylpropyl bond (Brandts et al. 1975 ) is catalyzed by a family of structurally unrelated classes of enzymes typically referred to as peptidyl-prolyl cis/trans isomerases (PPIases), which include the FK506 binding proteins (FKBPs), the cyclophilins and the parvulins (Fangh€ anel & Fischer 2004) . These enzymes catalyze the folding transitions of the polypeptide backbone in unfolded and partially folded polypeptide chains and in native state of proteins in response to an accessible proline residue in the amino acid sequence (Fischer & Aum€ uller 2003) . Peptidyl-prolyl cis/trans isomerization is involved in many biological processes in addition to protein folding such as in biomolecular assembly and in molecular switches (Wang & Heitman 2005; Schmidpeter & Schmid 2015) .
Although the PPIases have been implicated in many diseases, including cancer and Alzheimer's and in pathogen virulence (Theuerkorn et al. 2011; € Unala & Steinert 2014; Blair et al. 2015) , their physiological functions often remain ambiguous. Many studies have shown that elimination of the PPIase activity by deletion or alteration of the PPIase domain had no or little impact on protein interactions and chaperone activities (Timerman et al. 1995; Behrens et al. 2001; Kramer et al. 2004; Dimou et al. 2012a,b; Skagia et al. 2017) , indicating that in addition to facilitating protein folding, PPIases can also act as chaperones or accessory components of multiprotein complexes in diverse processes from signal transduction to gene regulation on the transcriptional and translational levels (G€ othel & Marahiel 1999; € Unala & Steinert 2014; Vasudevan et al. 2015) .
In this study, we show that alterations in the cytoplasmic cyclophilin PpiB levels, using ppiB deletion or over-expression Escherichia coli strains, obstruct the bacterial cell division process in a way that involves the prolyl isomerase activity of PpiB along with other structural features apart from the catalytic site. Without showing a preference for septa localization, PpiB is able to interact with the divisome component FtsZ and delocalize it from future division sites. In addition, certain putative PpiB prey proteins, not previously involved in cell division, are sufficient to partially suppress the cell division phenotype of DppiB cells, possibly altering specific cellular processes in order to bypass the function of PpiB.
Results
Deletion or over-expression of ppiB results in cell division perturbations
When we cultured E. coli BW25113 wild-type strain and DppiB deletion strain under planktonic conditions, we observed that DppiB cells were approximately two times longer compared to the wild-type cells during the exponential growth phase (Fig. 1A,B,D) . Furthermore, we observed BW25113 (PpiB) cells overexpressing PpiB to be longer than the BW25113 cells presenting frequent filamentation (Fig. 1C,D) . To assess the cell cultivability of the PpiB over-expressing strain, we spotted 5 ll of serially diluted overnight grown uninduced liquid cultures of BW25113 and BW25113 (PpiB) onto LB medium with 0.25 mM IPTG. The observed cultivable cells were approximately 10 5 times less in BW25113 (PpiB) than in wild-type cultures (Fig. 1E) , indicating that the filamentous cells were unable to divide properly. DppiB cultivable cells were approximately 10 2 times less than BW25113 cells (Fig. 1E ) suggesting a milder defect in cell division. Furthermore, using transmission electron microscopy, we were not able to observe proper septa localization upon PpiB over-expression (Fig. 1F,G) . These observations suggest a role of PpiB in bacterial cell division probably by modulating the function of certain division-related proteins.
PpiB structural features additional to the active site are necessary for cell filamentation
In a first attempt to elucidate the mechanism of PpiB action, we used a previously described series of PpiB mutants (K25Q, N46D, R43A, M49L, G53V, Q61R, I68F, N73D, M85I, A90V, F98L, F99A, S111P, W118R, S144C and Q148R) (Skagia et al. 2017 ) and observed the cell morphology when each of them was over-expressed in the wild-type strain. Although most PpiB mutants when over-expressed caused similar levels of cell filamentation to wild-type PpiB, some of them were not characterized by the observed cell division inhibition (Fig. 2) . Wild-type cells over-expressing PpiB mutants with the R43A, K25Q, G53V, M85I, F98L and F99A amino acid substitutions are characterized by short cells (Fig. 2) suggesting the importance of the specific amino acid residues for the function of PpiB as an inhibitor of cell division. Furthermore, F99A and R43A overexpression resulted in higher E. coli cell cultivability in relation to PpiB over-expression (Fig. 1E ) indicating a moderately affected or not affected cell division activity, respectively.
R43A and F99A were introduced into the PPIase active site, and all the rest mutated amino acid residues lie on regions surrounding the enzyme's active site except of K25Q which is near the opposite side (Skagia et al. 2017) . R43A and G53V have essentially eliminated PPIase activity and moderately reduced chaperone activity, whereas the rest of the mutants are characterized by partial to full enzymatic activities except of K25Q which although expressed remained insoluble (Skagia et al. 2017) . The over-expression of each protein results in relatively equal protein levels as observed after the SDS-PAGE analysis of total proteins from the respective exponential cultures (Fig. 2) . These results indicate that PpiB structural features additional to the active site are required for the inhibition of cell division possibly due to the reduced ability of PpiB to interact with protein substrates involved in cell division.
Early divisome components FtsZ and ZipA show decreased expression in DppiB cells and can partially suppress the DppiB phenotype As deletion or over-expression of PpiB resulted in mild or severe inhibition of cell division, respectively, we sought to identify whether PpiB interfering with cell division may occur via one or more components of the divisome. As E. coli cell division involves over 30 proteins, we analyzed zipA and ftsZ transcript levels by RT-qPCR as the formation of the Z-ring is essential for the initiation of the process (Rico et al. 2010) . As shown in Fig. 3A ,B, zipA and ftsZ showed decreased expression in DppiB cells during the Figure 2 PpiB PPIase active site along with other structural features is essential for cell division inhibition. Phase contrast images and SDS-PAGE analysis of total proteins from exponential cultures of BW25113 wild-type strain, BW25113 (PpiB) and BW25113 over-expressing various PpiB mutants (K25Q, N46D, R43A, M49L, G53V, Q61R, I68F, N73D, M85I, A90V, F98L, F99A, S111P, W118R, S144C and Q148R). Bars represent 20 lm.
exponential growth phase indicating possible defects in the assembly of the Z-ring. However, the observed moderate filamentation of DppiB could arise either from a failure to form functional Z-rings at the nascent division sites or from a defect in divisome maturation after Z-ring assembly. Consequently, we examined whether the complementation of the DppiB strain with early division genes such as zipA and ftsZ as well as with late cell division genes such as ftsQ and ftsK could suppress the DppiB phenotype. To this purpose, we expressed each gene in the DppiB strain using the pCA24N plasmid without IPTG for minimum expression levels because of leaky expression (Kitagawa et al. 2005) and checked for suppression of the division defect during exponential growth phase. Phase contrast images of DppiB (ZipA) and DppiB (FtsZ) cells show morphologies comparable to wild-type cells (Fig. 3C ), indicating that FtsZ and to a lesser extend ZipA are able to partially bypass the requirement for PpiB. Additionally, cell length counts specify that DppiB (FtsZ) and DppiB (ZipA) cell length is reduced compared to the DppiB cell length approximately 36% and 24%, respectively (Fig. 3D) . Figure 3 FtsZ and ZipA can partially suppress the DppiB phenotype. Fold change of (A) zipA (B) ftsZ gene expression relative to cysG gene expression in BW25113 and DppiB strains as determined by RT-qPCR. Fold change was calculated according to the equation described in Experimental procedures with normalization against cysG. The data are the mean of three biological replications, and the bars represent standard errors. Statistical significant differences of changes of gene expression between BW25113 and DppiB strains were calculated by Student's t-test (ns P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001). (C) Phase contrast images of cells from BW25113 wild-type strain, the DppiB deletion strain and the DppiB deletion strain over-expressing FtsZ, ZipA, FtsK or FtsQ. Bars represent 10 lm. (D) Length of BW25113, DppiB, DppiB (FtsZ), DppiB (ZipA), DppiB (FtsK) and DppiB (FtsQ) cells. Statistical comparisons were made using ANOVA followed by Dunnett's multiple comparison test. Bars represent standard errors (n = 100). Asterisks indicate statistically significant differences with DppiB (ns P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001).
On the contrary, images of DppiB (FtsQ) and DppiB (FtsK) cells resemble the DppiB phenotype with no obvious restoration of the wild-type phenotype (Fig. 3C,D) . None of these proteins is expressed above background levels as confirmed by SDS-PAGE analysis and does not have a negative effect on cell growth (data not shown). These results suggest that PpiB probably regulates divisome assembly during the Z-ring formation given that without a functional Z-ring, the late divisome components are not able to complement the DppiB phenotype.
In parallel, we also examined available threedimensional structures of E. coli division-related proteins for proline residues adopting the cis configuration. We identified various divisome components containing cis prolines in their structures (Table S1 in Supporting Information) indicating a previously undescribed role of cis/trans isomerization in the cell division machinery. In some cases like in FtsK and PBP-1b, the corresponding proline adopts the cis configuration in some of the structures and the trans in others (Table S1 in Supporting Information) indicating a possible regulation of enzyme's function through cis/trans isomerization (Schmid 1993; Schmidpeter & Schmid 2015) .
Over-expression of PpiB interferes with the proper FtsZ assembly at Z-rings As FtsZ was able to partially overcome the division defects of the DppiB strain and in view of the reduced ftsZ expression in the DppiB strain, we assumed that PpiB might be required for its proper function. We over-expressed a GFP translational fusion of FtsZ in BW25133 and DppiB cells and checked for differences in cell phenotypes indicative of the necessity of PpiB for its correct function.
Over-expression of FtsZ GFP in the wild-type strain resulted in filamentous cells with regularly spaced rings of FtsZ observed as bright spots located at potential division sites (Fig. 4A) as the proper ratio of FtsA to FtsZ is required for active cell division (Dai & Lutkenhaus 1992) . The loss of ppiB had no effect either on FtsZ GFP induced cell filamentation or on the frequency of FtsZ ring formation in individual cells (Fig. 4B) . Over-expression of PpiB along with FtsZ also resulted in cell filamentation, but it altered significantly the proportion of cells that had properly formed Z-rings. We could not observe any FtsZ rings in the majority of filamentous cells and the fluorescence was fused into the cytoplasm forming patches along the long axis of the cells (Fig. 4C ). These results indicate that in the presence of high amount of PpiB, the FtsZ GFP cannot form rings localized at potential division sites probably due to an inhibitory effect of the PpiB on the formation of a functional Z-ring. Over-expression of the F99A or R43A proteins retaining approximately 53% and 2% of their prolyl isomerase activity (Skagia et al. 2017) at least partially restored the formation of Z-rings along the filamentous cells (Fig. 4D,E) , indicating that optimal PPIase activity of PpiB is critical for the inhibitory effect of PpiB on Z-ring formation.
Furthermore, to better understand the function of PpiB, we also studied the localization of PpiB itself in wild-type cells. BW25113 or DppiB cells expressing a functional PpiB GFP translational fusion were uniformly fluorescent (Fig. 4F and data not shown) and not only at potential division sites, indicating that the function of PpiB is not limited on the regulation of proper Z-ring formation.
PpiB interacts with FtsZ
As a high level of PpiB delocalizes FtsZ from potential division sites, it is possible that PpiB can modulate FtsZ activity, inhibiting the formation of protofilaments. To examine this possibility, we initially tested whether FtsZ and PpiB are interacting partners in vivo. We co-expressed the two proteins as two separate polypeptides with a (His) 6 -tag fused at the N-terminus of PpiB, and we purified a stable protein complex under native conditions using Ni-resin affinity chromatography (Fig. 5A) . Additionally, we Mean values were obtained from three independent replicates, and error bars represent standard errors. Statistical comparisons were made using a one-way ANOVA followed by Dunnett's multiple comparison test. Asterisks indicate a statistically significant difference (ns P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001). (E) Molecular interaction between PpiB and FtsZ (DC18) under native conditions. SDS-PAGE analysis of the insoluble and soluble fraction of E. coli BL21 (DE3) cells over-expressing PpiB His .pCDFDuet-1 and FtsZ(DC18) S .pCDFDuet-1 and the elution fraction of the pull-down assay after Ni-NTA chromatography with PpiB His bound on Ni agarose. Ni agarose without bound PpiB His was used as control. (F) Effect of PpiB on FtsZ GTPase activity. GTPase activity of 0.35 lM FtsZ in the presence of 3.5 lM PpiB. Mean values were obtained from three independent replicates, and error bars represent standard errors. Statistical comparisons were made by Student's t-test. Asterisks indicate a statistically significant difference (ns P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001). Arrows indicate the position of the corresponding proteins.
bound native PpiB on Ni-NTA beads and used it in a pull-down assay with total E. coli proteins from Bl21 (DE3) strain over-expressing FtsZ isolated under denaturation conditions. As shown in Fig. 5B , PpiB co-elutes with FtsZ, indicating that PpiB is able to recognize and interact with unfolded FtsZ as well.
To define whether the PPIase active site of PpiB is necessary for this interaction, we used the F99A and R43A active site mutants in similar co-expression experiments with FtsZ. In both cases, FtsZ co-eluted as a stable protein complex with the mutant proteins (Fig. 5C) , indicating that the PPIase active site alone is not responsible for the recognition of FtsZ and the protein interaction. To further explore the potential involvement of the PPIase active site on the interaction, we determined the inhibitory effect of FtsZ on the PPIase activity of PpiB. As shown in Fig. 5D , we observed a concentration dependent decrease in activity up to approximately 30% of the control reaction when FtsZ was added in 29 molar excess over PpiB, indicating a possible antagonism of FtsZ with the reaction substrate for the PPIase active site.
Next, we constructed FtsZ(DC18), which contains an intact polymerization domain (Wang et al. 1997) but lacks the FtsA/ZipA recognition sequence which is in the C-terminal 18 residues (Ma & Margolin 1999; Mosyak et al. 2000) . When we coexpressed PpiB with FtsZ(DC18), the FtsZ(DC18) showed minimum solubility so we bound PpiB on Ni-NTA beads and used it in a pull-down assay with total E. coli proteins from Bl21 (DE3) strain over-expressing FtsZ(DC18). We did not observe any detectable protein interaction between PpiB and FtsZ(DC18) under native conditions using Ni-resin affinity chromatography (Fig. 5E ). This result suggests that PpiB possibly binds to FtsZ in a similar manner as known FtsZ binding proteins probably competing with them for binding during cell division and consequently preventing the Z-ring formation when required.
Collectively, the above results indicate that PpiB is able to interact with FtsZ in a way that possibly uses the active site of PpiB and the C-terminal 18 residues of FtsZ. However, further experimentation is required to better validate the protein interaction results from the pull-down analyses using additional methods with higher specificity and sensitivity like the two-hybrid system. Furthermore, we cannot exclude the possibility that the PpiB interaction with FtsZ is not direct and that additional proteins are involved in a putative multiprotein complex which could mediate the effects of PpiB on cell division.
PpiB suppresses FtsZ GTPase activity
Having determined that PpiB interacts with FtsZ, we subsequently examined whether this interaction has any effect on the enzymatic activity of FtsZ. FtsZ is a GTPase that polymerizes into linear protofilaments in a GTP-dependent fashion (Romberg & Mitchison 2004) . Polymerization is co-operative under most conditions and once formed the polymers remain in a dynamic steady state until GTP availability becomes limiting .
At a molar ratio of PpiB to FtsZ of 10 : 1, the GTPase activity is inhibited by 80% (Fig. 5F ), indicating a negative effect of PpiB in FtsZ GTPase activity. However, this result cannot really indicate the role of PpiB in FtsZ assembly as PpiB could inhibit FtsZ assembly by sequestering monomers in a way similar to SulA (Mukherjee et al. 1998; Chen et al. 2012) or alternatively could promote lateral associations between FtsZ protofilaments enhancing their stability similar to Zap proteins (Durand-Heredia et al. 2011; Galli & Gerdes 2012) . Furthermore, studies concerning the polymerization of FtsZ in the presence of PpiB are necessary to clarify the mechanism of PpiB action.
PpiB prey proteins not directly involved in divisome assembly can complement the DppiB phenotype As PpiB is not specifically localized at septal rings and due to its enzymatic nature, we suggested that the effects of PpiB on cell division could likely be accomplished through additional protein interactions not directly involved in cell division. To address whether any of the previously considered putative PpiB prey proteins (Skagia et al. 2016) could be a multicopy suppressor of the DppiB phenotype, we over-expressed each of them in DppiB cells and checked for restoration of the cell length.
When we imaged cells from liquid exponential cultures using phase contrast microscopy, we observed various degrees of complementation. Many proteins do not complement the DppiB phenotype when over-expressed, indicating that these putative PpiB prey proteins are not involved in the mechanism of cell division modulation by PpiB. However, DppiB cells over-expressing YdcS, YfbU or HcaB are characterized by smaller cell length compared to DppiB (Fig. 6A,D) . Thus, certain putative PpiB prey proteins are sufficient to partially suppress the cell division phenotype of DppiB cells by possibly altering certain cellular processes to bypass the function of PpiB.
Furthermore, work is necessary to determine the mechanism of action of these proteins as we were not able to show a direct interaction with PpiB (Skagia et al. 2016) . Interestingly, when we examined the cell length of the corresponding deletion strains, we found that the DydcS and to a lesser extend the DbcsG cells appear similar to the DppiB cells (Fig. 6B,E) , indicating that they play a role in cell division. Furthermore, over-expression of PpiB in these deletion strains showed lower levels of filamentation compared to the filamentation of the BW25113 (PpiB) cells (Fig. 6C,F) , supporting the possible involvement of the corresponding proteins in the mechanism of PpiB action.
Discussion
In this study, we describe the involvement of cyclophilin PpiB in bacterial cell division in a way that uses its prolyl isomerase activity along with structural Asterisks indicate statistically significant differences with the second column in each case (ns P > 0.05, * 0.01 < P < 0.05, ** 0.001 < P < 0.01, ***P < 0.001).
Genes to Cells (2017) 22, 810-824 features apart from the catalytic site. We also provide some initial indications for a functional association of PpiB with FtsZ. Furthermore, we show that additional proteins might be involved in the mechanism of PpiB action in cell division as PpiB seems to modulate the function of proteins not previously related to the process as well.
Earlier studies with two FKBP family members, SlyD and Trigger Factor, show that their overexpression results in filamentation (Guthrie & Wickner 1990; Roof et al. 1997) , and in the case of SlyD, this phenotype is related to the PPIase activity of the enzyme (Roof et al. 1997) . Unfortunately, further studies concerning the mechanism of action of these PPIases are not reported. As altered levels of PpiB interfere with cell division, we reasoned that it possibly modulates septal ring assembly via interactions with certain divisome components likely altering their conformation and as a result blocks the subsequent steps in the process. We identified various divisome components containing cis prolines in their structures, indicating a possible requirement for cis/trans isomerization. Peptidyl-prolyl isomerization is critical in many cellular processes, and recent results suggest that at least two prolyl isomerases, CypA and Pin1 regulate cytokinetic abscission in mammalian cells (van der Horst & Khanna 2009; Bannon et al. 2012) . Depletion of Pin1 in HeLa cells or Pin1/Ess1p in yeast results in mitotic arrest, whereas over-expression of Pin1 induces a G2 arrest suggesting that Pin1 is an essential mitotic regulator (Lu et al. 1996) . Furthermore, mammalian FKBP52 is associated with the cytoskeleton during mitosis (Galigniana et al. 2001 (Galigniana et al. , 2004 and it inhibits tubulin polymerization (Chambraud et al. 2007) .
FtsZ is the first protein to localize to the midcell as part of the cytokinetic machinery and ZipA and FtsA serve to anchor the Z-ring and together with a set of Zap proteins, they stabilize it (Ortiz et al. 2016) . Based on its bundling activity on purified FtsZ in vitro (RayChaudhuri 1999; Hale et al. 2000; Loose & Mitchison 2014) , ZipA is also thought to aid FtsZ filament clustering in vivo. Deletion of ppiB resulted in decreased expression of both zipA and ftsZ genes, whereas both ZipA and FtsZ partially suppressed the division phenotype of DppiB cells. Furthermore, in the presence of excess PpiB, FtsZ fails to localize properly at future division sites. Additional studies are necessary to understand whether these results indicate that PpiB probably acts to destabilize FtsZ polymers as the GTPase activity of FtsZ decreases in the presence of PpiB as well. Alternatively, PpiB may help packing individual FtsZ protofilaments into bundles so the lower GTPase activity at the presence of PpiB may denote the reducing subunit turnover into new filaments. In any case, the folding and the proper localization of FtsZ at the Z-ring are independent of PpiB; therefore, a post-translational interaction with PpiB might play a role in the function of FtsZ whose several properties are mediated by other proteins. For example, MinCDE and SlmA prevent the polymerization of FtsZ at sites other than the midcell and ClpP degrades FtsZ, an action prevented by ZipA (Ortiz et al. 2016) . With the exception of FtsA, there is evidence that each of the accessory cell division proteins that interact directly with FtsZ in vivo influences the biochemical properties of FtsZ in vitro (Mukherjee et al. 1998; Hu et al. 1999; RayChaudhuri 1999; Hale et al. 2000; Gueiros-Filho & Losick 2002; Haeusser et al. 2004) . Moreover, a recent study showed that the diguanylate cyclase YfiN in response to envelope stress relocates to the division site where it interacts with early division proteins arresting division (Kim & Harshey 2016) .
The C-terminus of E. coli FtsZ functions as a central hub integrating different signals that modulate the progress and efficiency of divisome assembly (Pazos et al. 2013) . The hydrophobic cavity of the ZipA C-terminal globular domain binds the C-terminal alpha-helix of FtsZ (Mosyak et al. 2000) rendering FtsZ insensitive to the action of the ClpXP protease system (Camberg et al. 2009; Pazos et al. 2013) . Many more proteins interact with this domain, including FtsA, MinCD, SlmA and ZapD (Pichoff & Lutkenhaus 2002; Shen & Lutkenhaus 2009; DurandHeredia et al. 2012; Du & Lutkenhaus 2014) . Modification of the ratio of these proteins usually results in inhibition of cell division (Dai & Lutkenhaus 1992; Dewar et al. 1992; Hale & de Boer 1997; Begg et al. 1998; Pichoff & Lutkenhaus 2001; Shen & Lutkenhaus 2010) , suggesting that competition for the Cterminus of FtsZ could delay the recruitment of the late cell division proteins. The observed filamentation induced by PpiB over-expression could possibly occur due to the interaction of PpiB with FtsZ and the subsequent prevention of the efficient recruitment of downstream proteins. As the deletion of the C-terminus of FtsZ minimized the FtsZ interaction with PpiB, it is possible that PpiB antagonizes the other proteins that interact with FtsZ through this domain and likely blocks their association with FtsZ.
Because of its enzymatic and chaperone nature (Skagia et al. 2017) , PpiB probably modulates cell division via binding and possibly altering the conformation and/or function of certain prey proteins. Although PpiB could modulate division-related proteins such as FtsZ directly, its interfering with the process could also be mediated via more circuitous routes. As PpiB itself shows no obvious specific affinity for the septal ring, we suggested that the effect of PpiB on cell division could likely be accomplished via additional interactions with proteins not directly involved in the division process. For this reason, we used a candidate approach aiming to identify multicopy suppressors of the DppiB phenotype and considered the available PpiB prey proteins provided by IntAct database (Skagia et al. 2016) as its putative interacting partners. Among the candidate substrates we found that over-expression of YdcS, YfbU and HcaB suppressed the filamentation of PpiB depleted cells. The DydcS and to a lesser extend the DbcsG cells showed considerable phenotypic similarity to the DppiB cells, indicating that the respective proteins are also related to cell division. It remains to be determined whether these proteins are involved in the mechanism of PpiB action during cell division as the reduced filamentation of the corresponding strains due to the over-expression of PpiB is a first indication of this possibility.
In conclusion, our results suggest that PpiB likely interferes with bacterial cell division via a possible functional association with certain divisome components such as the FtsZ and with the indirect modulation of other pathways unrelated to cell division, adding a new level of regulation in this biological process. Clearly, further experimentation is required to elucidate the precise molecular mechanism of action of PpiB in these processes and also to show any potential relation to the role of PpiB as a modulator of bacterial motility and biofilm formation (Skagia et al. 2016) .
Experimental procedures

Escherichia coli strains, plasmids and growth conditions
The E. coli wild-type BW25113, DppiB and Dprey deletion strains listed in Table S2 in Supporting Information were obtained from the E. coli Genetic Stock Center. All strains were grown in Luria-Bertani (LB) medium or on LB plates supplemented with chloramphenicol (20 lg/mL), ampicillin (100 lg/mL) or kanamycin (25 lg/mL) when necessary. All pCA24N and pCA24N-GFP plasmids with various cloned genes listed in Table S2 in Supporting Information were obtained from the ASKA library of the NARA Institute (Kitagawa et al. 2005) . Plasmid PpiB GFP .pBAD24 was constructed using primers carrying restriction sites for ligation to the pBAD24 expression vector (Table S3 in Supporting Information). The absence of undesired alterations was checked by nucleotide sequencing. E. coli cells harboring the resulting plasmids were induced with isopropyl 1-thio-b-D-galactopyranoside or arabinose.
Phase contrast microscopy
For phase contrast microscopy, the culture sample was placed on a microscope slide coated with a thin 2% agarose layer and covered with a coverslip. Bacterial samples were photographed using the Olympus BX-50 (Tokyo, Japan) light microscope with appropriate filter sets equipped with an Olympus DP71 camera.
Negative-staining electron microscopy
For transmission electron microscopy (TEM), suspensions of bacterial cells were placed on pyroxylin-coated, copper grids (AEI) and negatively stained with 1% w/v phosphotungstic acid (pH 7.0) for 10 sec. Specimens were examined and photographed with a TEM (model 9S, Zeiss).
RNA isolation, cDNA synthesis and RT-qPCR
Total RNA was isolated using the hot SDS/hot phenol method as described (Jahn et al. 2008; Dimou et al. 2011a) . First-strand cDNA synthesis was carried out using the Superscript II RT (Invitrogen) as described (Dimou et al. 2011a ). The RT-qPCR oligonucleotide primers used are listed in Table S3 in Supporting Information. The primers were designed using Primer-BLAST (http://blast.ncbi.nlm.nih.gov/ Blast.cgi) and optimized to an equal annealing temperature of 60°C. All primers were supplied by Invitrogen. Each primer pair was assessed for specificity with melting curve analysis and gel electrophoresis of the amplification products. RT-qPCR was conducted on the MxPro Mx3005P PCR system and analyzed with the MXPRO v4.01 software (Stratagene, Santa Clara, CA, USA) as described (Dimou et al. 2011a) . The efficiency of each reaction was calculated using the LINREGPCR software (Ruijter et al. 2009 ). Fold change of target gene expression versus control gene expression was calculated as described (Livak & Schmittgen 2001) . The cysG (b3368) was used as internal control. Statistical significance was obtained with the unpaired Student's t-test.
Heterologous co-expression of PpiB with FtsZ or FtsZ(DC18) in E. coli and purification of protein complexes PpiB was co-expressed with FtsZ or FtsZ(DC18) as two separate polypeptides with a (His) 6 tag fused at the N-terminus of PpiB and an S tag fused at the C-terminus of FtsZ or FtsZ (DC18) using the pCDFDuet-1 vector (Novagen). The primers carry restriction sites for ligation to the pCDFDuet-1 Genes to Cells (2017) 22, 810-824 expression vector (Table S3 in Supporting Information). The fragments excised from amplified sequences were cloned between the corresponding sites of pCDFDuet-1 resulting in PpiB His -FtsZ S .pCDFDuet-1 and PpiB His -FtsZ(DC18) S . pCDFDuet-1. Plasmids FtsZ S .pCDFDuet-1 and FtsZ (DC18) S .pCDFDuet-1 were also constructed. The absence of undesired alterations was verified by nucleotide sequencing. Synthesis and purification of recombinant protein was carried out as previously described (Skagia et al. 2016 ).
Peptidyl-prolyl cis/trans isomerase enzymatic assay
To measure the PPIase activity, we used a chymotrypsincoupled assay as described previously (Kofron et al. 1991; Dimou et al. 2011b) . The assay mixture contained 50 mM HEPES buffer pH: 8.0 and 100 mM NaCl, 50 lg a-chymotrypsin (dissolved in 1 mM HCl) (Fluka), 25 lM Suc-AAPFpNA (5 mM stock dissolved in trifluoroethanol supplemented with 0.45 M LiCl) and the appropriate amount of cyclophilin. The reaction was initiated inside the cuvette and increase in absorbance at 390 nm was monitored at 4°C using a HITA-CHI U-2800 spectrophotometer.
GTPase assay
To measure GTPase activity, we used the continuous, regenerative coupled GTPase assay of Ingerman & Nunnari (2005) . The production of ADP was coupled to pyruvate kinase and lactate dehydrogenase, and the oxidation of NADH was followed at 340 nm. Each measurement was carried out in a volume of 0.8 mL in 1 cm path length quartz cuvettes. The reaction mixture contained 0.4 mM phosphoenolpyruvate, 0.3 mM NADH, 20 units/mL pyruvate kinase, 20 units/mL lactate dehydrogenase and 0.3 mM GTP. Each GDP released from FtsZ is regenerated to GTP with the loss of one molecule of NADH. The NADH concentration was monitored by its absorbance at 340 nm using a HITACHI U-2800 spectrophotometer. After addition of GTP, the absorbance showed a linear decrease over time. We considered the slope of the straight line as the rate of the reaction (min
À1
).
